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Low friction surfaces are widely studied across many fields of engineering. Recent advances have
allowed for the inexpensive and straightforward strategy of producing a surface with hydrophobic
qualities. This slippery, omniphobic, covalently attached, liquid (SOCAL) surface exhibits qualities
of low contact angle hysteresis and low sliding angles. The production process involves the dipping
of the substrates into a solution of isopropanol, dimethyldimethoxysilane, and concentrated sulfuric
acid followed by a drying phase, which promotes the graft polycondensation of several long polymer
chains. I present my own fabrication of this surface, along with an analysis of its hydrophobic
properties. Two SOCAL surfaces on glass slides were analyzed, with their only difference as the
ambient relative humidity (RH) of the drying phases. The results confirm published statements that
a higher RH promotes lower hysteresis, and I was able to obtain a surface that exhibited similar
properties to published values. Throughout multiple tests, I observed hysteresis values averaging
at 11.44° for the low humidity surface, and values averaging at 6.58° for the high humidity surface,
which had a range from 2.7° to 11.4°. Comparing these to published values of 2.5° across a range
from 0.3° to 4.2°, the average values do not agree well, but there is clear overlap between the two
findings. The high humidity sample was found to contain a sliding angle of 2°, which compares well
with published findings of 4°.
1 Introduction
Among the many types of surfaces studied in droplet mechanics, low friction surfaces that easily allow for matter to
"slip" over them often receive large attention. These so-called "slippery surfaces" contain very low surface energy and
are usually either classified as "hydrophobic" or even "superhydrophobic." Slippery surfaces are very applicable across
many fields, such as aerodynamics, nanotechnology, biochemistry, and heat transfer. There are typically three strategies
used to create these surfaces. The first involves altering the topographical features of a surface in order to ensure strong
slippage. Typically performed using nanotechnological tools, a material’s surface can be adjusted so that the amount of
wetting is reduced, and a droplet can slide more easier across. The second strategy involves the deposition of a lubricant
(typically an oil) that can be absorbed by the surface and used to fill in any surface imperfections. This allows for
a liquid droplet to rest directly on the surface, rather than wetting the imperfect ridges and adhering to it. The final
strategy for creating a slippery surface employs the use of several stable polymer chains placed directly on the surface.
Though typically the most costly method, these chains create a liquid-like coating, allowing for the smooth movement
of liquid across the surface.
As Wang and McCarthy report in their 2015 paper [1], a simple and cost-effective method was created for forming a
slippery surface that uses polymer chains. Named the "slippery, omniphobic, covalently-attached, liquid" (SOCAL)
surface, this coating proved to be very effective at providing low surface energy and hydrophobidity on multiple different
materials. The primary mechanism used to create the slippery surface involves the acid-catalyzed graft polycondensation
of dimethyldimethoxysilane. This is obtained simply by dipping the material of choice into a given solution containing
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precise amounts of dimethyldimethoxysilane, concentrated sulfuric acid, and isopropyl alcohol (IPA) for a few seconds
and letting the sample fully dry via evaporation.
Several tactics can be employed in order to analyze the hydrophobidity of a surface. Identifying the contact angle (CA)
hysteresis of a liquid droplet on a surface can provide this insight. When a droplet travels across a tilted surface via
the force of gravity, its two contact angles will typically diverge from each other due to surface forces. Its leading
CA grows in magnitude, with the opposite true for its trailing CA. The difference between the two CAs is known as
contact angle hysteresis. A surface that produces low contact angle hysteresis is typically classified as hydrophobic,
while hydrophilic is used to describe the converse. One way to measure the contact angle hysteresis of a surface is by
depositing and withdrawing a small ( 4µL) amount of liquid from a droplet using a needle and syringe and examining
the changes in the droplet’s contact angles. The advancing CA can be identified as the angle created just prior to the
droplet’s contact line sliding during the deposition of liquid into the droplet, while the receding CA is similarly found
during the withdrawal of liquid. Another way of measuring hydrophobidity is to identify the sliding angle of a droplet,
or the minimum angle that a surface must be tilted in order for a droplet of a given size to begin to slide across it.
Dependent on the volume of the droplet, lower sliding angles indicate a more slippery surface.
My research this semester primarily involved the fabrication of multiple glass SOCAL surfaces using the methods
described by Wang and McCarthy [1]. I then designed and constructed an instrument capable of pumping precise and
minute amounts of deionized (DI) water into and out from a droplet. I also examined the sliding angles of DI water
droplets and compared all data to those found on plain glass slides.
2 Set Up and Analysis
2.1 SOCAL Surface Preparation
In order to create the SOCAL surfaces used in this experiment, new glass slides were cleaned from any existing debris
using IPA, acetone, and DI water. They were then individually placed into a plasma cleaner (Plasmatic Systems, Inc.)
for 5 minutes. During this time, a solution consisting of 91.45 mL IPA, 8.16 mL dimethyldimethoxysilane, and 0.39 mL
of concentrated (95%-98%) sulfuric acid was mixed together in a fume hood. After removing the slide and allowing it
to cool, it was placed into the solution for 7 seconds and slowly removed. The samples were then set to dry in ambient
air for 20 minutes, with some being placed in a humidity chamber for 15 minutes prior to drying. The drying phase
allows for the polymerization of the dimethyldimethoxysilane. [1]
2.2 Contact Angle Measurement
A micropump is an electronic device capable of transporting small volumes of fluids. For this research, I constructed a
manual micropump that was used during the contact angle hysteresis analysis part of my experiment. A diagram of the
micropump is provided in Fig. 1.
Figure 1: A diagram of the micropump used in this experiment.
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As seen in Fig. 1, the micropump consisted of a syringe attached on two independent rods. The shaft of the syringe was
kept stationary, while the handle was able to translate into and out of the syringe by user-interaction with the rotating
knob. The sample laid flat on the movable platform with an 8 µL droplet resting on its surface. The needle of the
syringe was inserted into the droplet and held stationary. Fig. 2 shows images of the micropump. An Edgertronic high
speed camera with multiple lens extensions was used to capture videos of the droplets during the pumping phase of the
syringe.
(a) (b) (c)
Figure 2: Three views showing the features of the micropump.
The contact angle hysteresis measurements were taken using the manual micropump. For each surface an 8 µL droplet
of DI water was placed on top of the sample using an adjustable pipette. The sample was then positioned so that the
syringe needle was protruding through the surface of the droplet. While the high speed camera was recording a close up
image of the droplet, the knob of the pump was rotated so that 5 µL of water was deposited from the syringe. This
process was repeated for multiple droplets across the sample, and was subsequently repeated further to capture the
droplet’s receding contact angles via the withdrawal of water. The camera settings allowed for a capture period of
20 seconds at 50 FPS, therefore, totalling 1000 frames for each video. Each frame of the videos were extracted and
converted to binary images using MATLAB. The frames were then analyzed using CA_Fit_V2.m.
2.3 Contact Angle Analysis
The contact angle hysteresis measurements were taken by using a self-written MATLAB program that I named
"CA_Fit_V2.m." This program inputs pre-processed binary frames of droplets and outputs their left and right contact
angles as a function of time. It functions by identifying and plotting the boundary of the droplet while using two
user-input regions of interest (ROI) to identify maximum or minimum values. These relative extrema correspond to
the contact points of the droplets. Once found, the program then identifies the lines of best fit associated with the two
contact points and a given number of points along the droplet boundary. Comparing the slopes of these lines to the
contact line formed by the two contact points, the program then finds the two contact angles associated with a specific
droplet. This process was iterated across each video frame, and was found to produce a relatively accurate measurement
with a high degree of success. Fig. 3 illustrates the working theory behind this MATLAB program.
3
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(a) Input of a pre-processed binary
image. (b) Boundary identification.
(c) Graphical representation of
boundary.
(d) Identification of contact line and
contact points.
(e) Boundary points and linear re-
gression.
(f) Contact angle measurement using
formula with slopes.
Figure 3: Visual representation of working theory behind CA_Fit_V2.m.
While the CA plots produced by CA_Fit_V2.m generated relatively accurate plots with expected results, there was
a fair amount of noise associated with the readings. Therefore, instead of seeking other iterative programs that read
through multiple frames, I found a plugin on the image processing program ImageJ that allowed me to identify the
contact angles of a single image with a much higher degree of accuracy. This plugin uses several user-input points to fit
a curve to the droplet’s boundary, and then identifies its two contact angles. Fig. 4 illustrates a screenshot of the results
from this plugin.
Figure 4: Contact Angle plugin for ImageJ.
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2.4 Sliding Angle Measurement
To measure the sliding angles of the droplets, I constructed a device capable of rotating a glass slide at any user-defined
angle by having the user apply torque to a horizontal shaft. In combination with a high speed camera, this device was
able to accurately and successfully measure the sliding angles of various droplets. An image of the setup is provided in
Fig. 5.
Figure 5: Device used to measure sliding angles.
In order to measure the sliding angles of droplets across various surfaces, the glass slide was placed on the measuring
device and a 20 µL droplet was positioned on its surface via an adjustable pipette. The slide was then rotated to a desired
angle by applying an upward force on the edge of the horizontal shaft. An Edgertronic high speed camera recorded a 2
minute video at 9 FPS of the droplet. The videos were then analyzed by observing any movement of the droplet.
3 Results
3.1 Analyzing the Precision of the Manual Micropump
Before taking any data, I performed a brief analysis on the micropump in order to ensure its accuracy and precision.
First, the syringe was primed by withdrawing a trivial amount of DI water into it. A weighed aluminum boat was then
placed under the needle, and the knob was rotated in the direction of water deposition for 10 full rotations. The boat
was then weighed and its weight difference was recorded.
The results of the micropump analysis are displayed in Table 1. Note that the mass of the water was converted to volume
using a simple density calculation, and that the volume was divided by the number of turns (10) to obtain a unit rate.
The results expressed in Table 1 show that the micropump deposits roughly 11 µL of DI water per turn, with very little
deviation among the five trials performed. The data indicates that the device operates consistently and precisely, which
is exactly what is needed to perform valid contact angle hysteresis measurements.
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Table 1: Water deposited per turn of the manual micropump.








3.2 Contact Angle Hysteresis
Before analyzing the results of the contact angle hysteresis check, it was important to ensure that the program was
running properly. To ensure this, I altered the code to allow it to output the linear regression lines juxtaposed with
the droplet boundary. I then integrated each frame into a video to watch the results. Fig. 6 displays the results of an
individual frame for a plain glass surface and a glass SOCAL surface. It is important to note that the program functioned
well for roughly 95% of the 1000 frames for each video, with the other 5% of the data being omitted from the resulting
graphs as outliers. The resulting images confirm that the code functions properly and records a relatively accurate
measure of both contact angles for each droplet.
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(a) Plain glass surface. (b) SOCAL surface.
Figure 6: Validity check for the CA_Fit_V2.m program.
With the MATLAB program validated, the results of the contact angle hysteresis analysis for plain glass and a SOCAL
surface are shown in Fig. 7.
(a) Plain glass surface - Advancing CA. (b) SOCAL surface - Advancing CA.
(c) Plain glass surface - Receding CA. (d) SOCAL surface - Receding CA.
Figure 7: Results of the contact angle hysteresis measurements using CA_Fit_V2.m for plain glass and SOCAL
surfaces.
The results above indicate that expected values are obtain for both surfaces. The contact angles for the plain glass
surface (hydrophilic) are much lower than those for the SOCAL surface (hydrophobic), which always exceed 90° and
often 100°. There is, however, a considerable amount of noise in the data, which I attempted to reduce by increasing the
number of points used in the linear regression. There are also occasional spikes in Fig. 7c that do not match the vast
majority of the data and were not removed in the MATLAB outlier function, indicating that flaws in the program do
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exist. Although these issues are present, the plots indicate clear patterns with the data, and upon comparison to the
videos, they do depict accurate representations.
The advancing and receding contacts angles can be found by locating regions on those plots that correspond to local
extrema: maxima for advancing and minima for receding. This principle is due to the behavior of the droplets as
water is pumped in and out of them. Recall that the contact angles of interest occur immediately prior to contact line
movement. Therefore, the advancing contact angle for the plain glass surface can be seen to occur between 48° and 52°
and the receding contact angle at 25°. The plots depict the advancing contact angle for a SOCAL surface to be between
106° - 109° with a receding angle of 95° - 100°.
These results indicate that the contact angle hysteresis for the SOCAL surface was greater than 10°, which is considerably
higher than published values ranging from 0.3° and 4.1°. [2] Therefore, it was safe to conclude that the SOCAL surface
analyzed in this portion of the experiment was relatively low quality and that additional samples must be created and
tested. .
Wang and McCarthy report that lower hysteresis measurements can be observed for samples dried in high humidity
environments, so I decided to create and analyze a SOCAL sample that was dried in a humidity chamber (SOCAL 7).
To perform the analysis, I used ImageJ instead of the MATLAB program, because I needed to achieve high a high
precision comparison between the two SOCAL samples. I also examined multiple droplets to obtain more data. Due to
the asynchronous behavior of both contact points, I selected and identified the single frame just prior to the movement of
one of the contact points. Therefore, only one contact angle was gathered for each video. The results of these trials are
shown in Tables 2 and 3. Each advancing angle measurement was then paired with all of the receding measurements to
form 25 combinations. The statistics of the difference of each combination is also presented in Table 4. The maximum
(MAX) contact angle hysteresis (CAH) value for each sample was obtained by calculating the difference between the
maximum advancing CA and the minimum (MIN) receding CA. The minimum contact angle hysteresis was found in a
similar fashion, and the difference between the averages (AVG) is also listed.
.
Table 2: ImageJ contact angle hysteresis data for the SOCAL 5 (low humidity) surface.
SOCAL 5 Advancing



















Table 3: ImageJ contact angle hysteresis data for the SOCAL 7 (high humidity) surface.
SOCAL 7 Advancing
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Table 4: Contact Angle Hysteresis Statistics for SOCAL 5 and SOCAL 7 Surfaces.
SOCAL 5 [°] SOCAL 7 [°]
AVG CAH: 11.44 6.58
MAX CAH: 17.7 11.4
MIN CAH: 6.7 2.7
The results above show that the sample dried in a high humidity environment (SOCAL 7) exhibits a lower contact angle
hysteresis compared to its counterpart, a principle that is congruent with a statement made in Wang and McCarthy’s
publication [1]. The difference is very considerable. Although the average hysteresis for SOCAL 7 was 6.58°, the
minimum value fell below 3°. Recall that the published average value was 2.5° with two of the five trials reaching
values of 4.1° and 4.2° [2]. Therefore, it is clear that SOCAL 7 is a moderate quality sample. Its average hysteresis was
elevated, but some combinations of values fell within the accepted range.
Given multiple combinations of contact angle hysteresis, I wanted to ensure that the data followed a normal distribution.
Therefore, I plotted each of the 25 hysteresis values on a 1D scatter plot, which is shown in Fig. 8
Figure 8: Scatter plot depicting hysteresis values for both SOCAL surfaces.
Quantile-quantile (Q-Q) plots were then made for each sample in order to compare the results to a normal distribution.
The fact that the data points align well with the line indicate that the data for both samples is indeed normal. These
plots are shown in Fig. 9
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(a) SOCAL 5. (b) SOCAL 7.
Figure 9: Q-Q Plots for each SOCAL surface.
3.3 Sliding Angle
Figs. 10 - 13 display the first (t = 0 s) and last (t = 120 s) frames from the sliding angle videos juxtaposed on top of
each other. Note that each figure lists a distinct tilting angle (α) in order of decreasing magnitude and that changes in
location of both contact points indicate sliding. The images were altered to contain some percentage of transparency.
(a) SOCAL 5. (b) SOCAL 7.
Figure 10: First and last images overlaid of tilting angle of α = 4°.
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(a) SOCAL 5. (b) SOCAL 7.
Figure 11: First and last images overlaid of tilting angle of α = 3°.
Figure 12: First and last images overlaid of tilting angle of α = 2° (SOCAL 7).
Figure 13: First and last images overlaid of tilting angle of α = 4° for plain glass slide (control).
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As seen by Figs. 10 - 13, there is very clear yet decreasing movement of the droplet on the SOCAL 7 sample throughout
each tilting angle. The droplet, however, ceases to move at a tilting angle of 3° for the SOCAL 5 sample. These findings,
together with the lack of movement from the control surface, confirm the earlier findings that the SOCAL 7 sample is a
more slippery surface than SOCAL 5. The sliding angle of 2° compares well with the published value of 4°, as a lower
angle only indicates greater slippage.
4 Conclusion
Although the published data represent a more slippery surface, the results obtained throughout my research this semester
clearly indicate that the SOCAL 7 sample exhibit similar qualities as the samples made by Wang and McCarthy [1]
and by Barrio-Zhang [2].Additionally, my experiment confirms the published claim that drying the sample in a higher
humidity environment decreases the contact angle hysteresis. I also feel as though I would be able to analyze the
SOCAL 7 sample in a wide variety of experiments (boiling chamber, drag reduction, etc.) as a representation of a model
SOCAL surface. I would be interested in creating more samples, while adjusting certain elements of the procedure,
such as plasma cleaning time, relative humidity, concentrations of solution components.
My research this semester was a wonderful experience, and I felt that I had achieved a lot of growth in my role as a
researcher. The MATLAB program CA_Fit_V2.m was very enjoyable to create and helped me gain many technical
skills. From handling dangerous substances, using a plasma cleaner, and constructing a functioning setup, I learned a
great deal about the fabrication process and the skills it takes to become an effective researcher. I would like to thank
Dr. Weisensee for allowing me in her lab and for her active support throughout the semester.
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